Purpose: Colloid solutions are widely used to prevent or to correct hypovolemia in surgical patients. Although more efficacious than crystalloids, they are more expensive and can be associated with adverse effects, in particular when they interfere with the hemostatic system.
Objectif : Les solutions colloïdes sont très utilisées pour prévenir ou corriger l'hypovolémie chez les patients de chirurgie. Bien que plus efficaces que les cristalloïdes, elles sont plus chères et peuvent avoir des effets indésirables, en particulier quand elles perturbent le système hémostatique.

Méthode : La présente revue descriptive se concentre sur les effets de l'albumine et des colloïdes synthétiques sur les marqueurs biologiques de la coagulation et leurs conséquences cliniques.
Résultats : Tous les substituts colloïdaux plasmatiques nuisent aux mécanismes physiologiques de l'hémostase, par un effet non spéci-fique corrélé au degré d'hémodilution ou par des actions spécifiques de ces macromolécules sur la fonction plaquettaire, les protéines de la coagulation et le système fibrinolytique. L'albumine a le moins d'effet, alors que les dextranes et amidons hydroxyéthylés (AHE) de haut poids moléculaire (PM) ont les plus importants effets. La gélatine et l'AHE de PM moyen qui présentent un ratio de substitution molaire faible ont des effets modérés et, probablement, comparables. L'usage de dextranes et d'AHE de haut PM in vivo peut être associé à un saignement accru, tandis que les gélatines et les AHE de faible PM in vivo n'ont pas cet effet.
Conclusion : En général, les conséquences cliniques des effets biologiques des colloïdes sur l'hémostase sont limités, pourvu que les règles de sécurité soient observées (dosage quotidien maximal, durée du traitement, état hémostatique du patient, conditions cliniques). Les effets peuvent être différents chez les patients qui ont des troubles hémostatiques héréditaires ou reliés à un traitement préopératoire antiplaquettaire ou anticoagulant. Dans ce cas, les solutions de cristalloïde, de gélatine ou même d'albumine devraient être préférées quand l'hémodilution dépasse 30 % du volume du sang circulant.
P LASMA substitutes are widely used for intravascular volume expansion in various clinical situations, in particular for the prevention and the treatment of hypovolemia. 1, 2 Over the past 70 years, numerous macromolecular solutions have been developed and used, based on Starling's equation. These solutions induce a rapid increase in osmotic pressure, facilitating restoration of the circulating blood volume. However, the efficacy and The effects of colloid solutions on hemostasis [ 
Les effets des solutions colloïdes sur l'hémostase]
duration of volume expansion associated with these colloid substitutes depends on their physicochemical characteristics (Table I ). In addition, although colloids correct hypovolemia more rapidly than crystalloid solutions, they are also more expensive and can be associated with adverse effects such as anaphylactoid reactions and interference with the hemostatic system. 2, 3 This review will focus on the effects of colloid substitutes on the biological markers of coagulation and their clinical consequences.
How can plasma substitutes interfere with the hemostatic system? Hemostatic alterations associated with the use of plasma substitutes are related to either non-specific and/or specific effects.
Non-specific effects
These effects are related to the progressive dilution of the plasmatic and cellular coagulation factors. They involve not only the hemodilution related to the volemic expansion induced by the substitute, but also the loss of factors due to the ongoing bleeding for which the colloid is administered. As for coagulation factors, a decrease in platelet count in these conditions is often less marked than estimated by dilution itself. Several in vitro [4] [5] [6] and in vivo [7] [8] [9] studies have shown that acute hemodilution of 20-30% with crystalloids induces a hypercoagulable state demonstrable with the thromboelastogram (TEG) or other viscoelastic measurements of clot formation. Although not completely understood, this phenomenon has been attributed to a decrease in the concentration of coagulation inhibitors, lowering the threshold for positive feedback to occur in the coagulation pathway. 10 The effect of anemia on coagulation is another important phenomenon to take into account. Red blood cells contribute to hemostasis not only through a mechanical effect (they marginate platelets to the periphery of the vessel), but also through their biological effects related to the release of intracellular adenosine diphosphate and anionic phospholipid exposure, promoting platelet activation and thrombin generation respectively. The clinical consequences of the interactions between the red blood cell and hemostasis remain to be defined. 11 
Specific effects
These effects relate to the direct action of the substitute on coagulation factors, fibrinolysis and platelet function. 12 Numerous studies have evaluated the effects of colloids on hemostasis: several factors may affect their interpretation (e.g., surgical vs medical patients, fluid loading vs blood substitution). In vitro studies address the problem on a purely experimental level: blood from healthy volunteers is mixed with increasing doses of the colloid under study and selected biological tests are performed. Clinical interpretation of these studies is difficult. Studied dilutions do not necessarily correspond to those obtained in clinical practice, and do not deal with the pharmacokinetic properties of the colloid. Ex vivo studies evaluate the effects of plasma substitutes from blood samples obtained in patients or volunteers Van 0 -+ HES = hydroxyethyl starches. Effect on hemostasis: 0 = none, + = weak, ++ = moderate, +++ = important. In the "product" column, the first number is the mean molecular weight in kilodaltons, the second is the molar substitution ratio and the third is the C2/C6 ratio of hydroxyethyl starch substitution. * Physiologically balanced solution containing lactate and glucose. All other synthetic colloids are prepared in NaCl 0.9% solution except for Geloplasma®, which also contains lactate.
having received a defined volume of the colloid solution. Clinical interpretation of these studies is easier, although they do not take into account the individual response to hemodilution or the clinical situation. Finally, in vivo studies assess the clinical consequences of the administration of plasma substitutes through the determination of perioperative blood losses and allogeneic blood exposure. Although closer to clinical practice, these studies rarely have the methodology and the statistical power to address the question adequately. In vivo effects of plasma substitutes need to be evaluated in relation to the alterations of hemostasis in any given circumstances (Table II) . For example, how should one interpret biological tests, performed at 37°C, on blood drawn from an anemic and hypothermic patient? 13 Interpretation of some specific coagulation tests remains controversial. For example, the TEG is a dynamic and rather imprecise test of the different phases of coagulation. When abnormal, this test does not provide a precise identification of the factor responsible for the defect, and several questions remain.
14 How should we interpret the "hypercoagulability" observed on occasion? [7] [8] [9] Albumin Pharmacology Albumin is the principal protein circulating in plasma, and comprises a single chain of 585 amino acids, with a molecular weight (Mw) of 69,000 Daltons. When present at normal plasma concentrations (40-45 g·L -1 ), albumin accounts for 75-80% of plasma oncotic pressure, and therefore plays a major role in the maintenance of circulating blood volume. 15 Albumin is the only natural colloid of human origin. Clinically available albumin is fractionated from plasma of adult blood donors or from placental blood. Two types of solution are available commercially: a 4% isotonic solution containing 40 g·L -1 proteins with at least 95% albumin or a 20% hyperoncotic solution containing 200 g·L -1 proteins with at least 95% albumin. For many authors, albumin preparations remain the reference colloid solution.
Biological effects
Albumin inhibits platelet aggregation directly. 12 In contrast to synthetic colloids, albumin does not have a coating effect on platelets. 16 In vitro, albumin might also alter fibrin polymerization, 17 without apparent physiological consequences. In vivo, albumin does not appear to have specific effects on hemostatic components, except those related to hemodilution. 16, 18 These effects appear significant only when hemodilution becomes profound (blood volume exchange above 30%). 19, 20 Clinical effects Several clinical studies, in cardiac, orthopedic and urologic surgery and in the intensive care unit, have evaluated the effects of synthetic colloids on perioperative hemostasis, using albumin as the substitute of reference. In none of these studies has albumin been associated with bleeding greater than with synthetic colloids. 16, [21] [22] [23] Consequently, albumin is considered as a colloid devoid of any specific effect on hemostasis.
Dextrans
Pharmacology
The dextran molecule is a chain-like glucose polymer with a low degree of branching. Native dextran is produced from glucose by an enzyme of bacterium Leuconostoc mesenteroides (strain B512). 24 Clinical dextran solutions are prepared by partial acid hydrolysis and have a well-defined Mw distribution. with the exception of Scandinavian countries, the use of dextrans has largely decreased in European countries, due to their potential side effects (allergic, renal and hemostatic). Recently, a solution combining hypertonic saline and 6% dextran 70 (RescueFlow®, Biophausia, Stockholm, Sweden) has been proposed for plasma expansion in some clinical situations, in particular in the immediate resuscitation of hemorrhagic shock. 25 
Biological effects
Dextrans exert profound antithrombotic effects at different levels of the hemostatic system. 26 They first induce a platelet dysfunction similar to von Willebrand's disease type I. 27, 28 The administration of 500 mL of dextran 70 results in a drop of von Willebrand factor (vWF), which is out of proportion with the degree of hemodilution. This effect is maximal six hours after the infusion and lasts 24 hr. The mechanism responsible for this observation remains unexplained, but the most plausible hypothesis implicates an adsorption of vWF on dextran molecules resulting in a structural alteration of this factor with a decreased multimerization of its subunits. 28 These modifications would be responsible for a reduction in platelet agglutination-induced by ristocetin. The drop in the coagulant fraction of factor VIII is not always reported. 27, 28 In addition, the effects of dextrans on VIII -vWF complex appear directly proportional to the Mw of the solution.
Dextrans also accelerate the conversion of fibrinogen to fibrin by thrombin through a "fibrinoplastic effect" (attributed to the steric exclusion of water). 29 The thrombin time is shortened after the administration of small volumes of dextrans.
Dextrans also facilitate clot fibrinolysis by altering the polymerization of fibrin monomers. This facilitating effect, which is maximal four hours after the infusion, should not be influenced by the Mw of the solution. 12 Dextrans appear to form a tertiary complex with fibrin and plasmin where fibrin would not be accessible to the physiological inhibitor of plasmin, α 2 -antiplasmin. The acceleration of clot lysis associated with dextran infusions could also be explained by the increase in fibrinolysis activators, like tissue-plasminogen activator and, subsequently, by the decrease in the activity of plasminogen inhibitor activator. 30 Finally, dextrans might also exert a "coating" effect on the endothelium and platelets. 16 This effect, which has been observed in vivo in humans, leads to a decreased platelet adhesiveness to the endothelium, resulting in an increased bleeding time. 12 Although inconstant, this effect is maximal four to eight hours after the dextran infusion, and appears proportional to the Mw of the solution.
Clinical effects
Dextrans are, essentially, used for the prophylaxis of deep vein thrombosis in the perioperative period. For this purpose, the doses administered remain below the maximal recommended dosage (1.5 g·kg
). 28 When compared to other prophylactic treatments of deep vein thrombosis (low Mw heparins, orgaran, fondaparinux, etc.) in orthopedic and urologic surgery, dextran infusions are associated with an increased postoperative blood loss and requirement for allogeneic blood. 12 Dextrans are seldom used for plasma expansion with the exception of the hypertonic hyperoncotic solution mentioned previously (Rescue flow®). 25 The possible effects of this solution on hemostasis have not been studied specifically. In addition, the recommended dosage of this solution is relatively low (4 mL·kg -1 ). When compared to human albumin in orthopedic surgery, it has not been associated with an increase in blood loss whatever the ABO blood group of the patient, 31 despite the lower vWF and factor VIII plasma levels of group O patients.
In conclusion, dextrans may induce abnormal bleeding due to their effects on primary hemostasis and on the fibrinolytic system. The use of dextrans must be considered with caution in patients with a pre-existing hemostatic deficit or treated with anticoagulants or antiplatelet drugs. Although desmopressin was able to restore vWF and factor VIII:C levels after the infusion of 500 mL of dextran in volunteers, 32 its efficacy in reducing blood losses in patients receiving this plasma expander has not been demonstrated.
Gelatins
Pharmacology
Gelatins are polypeptides obtained by hydrolysis of bovine collagen. 33 The addition of succinic acid anhydride leads to profound modifications of the polypeptide's conformation resulting in the preparation of "fluid modified gelatins". The cross-linking of the raw polypeptides by the addition of hexamethyl di-isocyanate results in the preparation of "urea-linked gelatins". Concentrations of the different gelatin solutions available commercially vary from 3.0 to 4.0 g·L -1 . These slightly hypertonic solutions have an oncotic power close to that of plasma. The daily dosage of gelatin solutions is not limited, in contrast to the other synthetic colloids.
Biological effects
Several recent in vitro and ex vivo studies have questioned the generally accepted belief that gelatins have no specific effects on hemostasis. Indeed, both modified fluid gelatin and urea-linked gelatin have been shown to significantly impair ristocetin-induced platelet aggregation, resulting in an increase in the bleeding time. 34 von Willebrand factor decreased more than might be expected from plasma dilution only. The mechanism by which gelatin interacts with vWF is not completely clear. De Jonge et al. 34 hypothesized that vWF could attach to gelatins through its collagen binding sites, the low level of vWF observed in their ex vivo experiment being explained by a rapid clearance of the vWF-gelatin complexes. However, platelet adhesiveness might only be partially inhibited, as suggested by the observation that platelet vWF and the platelet receptor GPIb remain largely unchanged. 35 In addition, urea-linked gelatins appear to inhibit in vitro platelet aggregation induced by activators of the platelet receptor GPIIb/IIIa (adenosine diphosphate, platelet-activating factor, collagen and epinephrine). 36 This additional inhibitory effect of urea-linked gelatins has been attributed, at least in part, to its high calcium content.
As with dextrans, gelatins may also reduce the quality of clot formation through an alteration in its morphology. 3, 37 The clinical consequences of these in vitro observations remain to be determined.
Using the TEG, some in vitro studies observed, as for crystalloids, an activation of coagulation with gelatins during moderate hemodilution (20-30% volume exchange).
19,38
Clinical effects
The vast majority of studies conclude that gelatins do not influence perioperative bleeding, 16, 21, 39 even in the setting of acute normovolemic hemodilution. 40 Only one study observed an increase in perioperative blood losses after cardiac surgery with gelatins when compared to human albumin. 35 In this particular study, patients in the gelatin group received more than 3500 mL of this plasma substitute.
Hydroxyethyl starches Pharmacology
Hydroxyethyl starches (HES) are synthetic polymers derived from amylopectin, a branched polysaccharide polymer. 41, 42 The attachment of hydroxyethyl ether groups to the glucose units slows degradation by serum amylase. Hydroxyethylation can occur at positions 2, 3 or 6 of carbon on the glucose molecule. The physicochemical properties of HES are defined by their molar substitution ratio, which is the major determinant of their half-life, and also by their in vitro Mw. The molar substitution ratio expresses the proportion of hydroxyethyl groups per molecule of glucose. Different molar substitution ratios ranging from 0.45 to 0.70 have been used. The type of substitution is identified by the C2/C6 hydroxyethylation ratio. The higher the ratio, the slower the starch is metabolized. Mw of 70,000 Daltons and a molar substitution ration of 0.5. These solutions are used mainly in Germany. The most important variable to assess the pharmacokinetic and pharmacodynamic properties of HES is the in vivo Mw, which is responsible for the therapeutic and adverse effects of each HES. 41 This in vivo Mw depends on the in vitro Mw, on the molar substitution ratio and on the C2/C6 ratio. The higher the value of these three variables, the higher the in vivo Mw. Accordingly, the best HES would be the HES with an in vivo Mw close to the renal threshold (50,000-60,000 Daltons) which would guarantee adequate medium lasting colloidal volume efficacy in combination with improved pharmacokinetics including more rapid metabolism and excretion with lower plasma and tissue accumulation. 43, 44 Biological effects Like dextrans, HES interfere with normal hemostasis at different levels. They first induce a platelet dysfunction similar to the one observed in von Willebrand's disease type I. 45, 46 The administration of 500 to 1000 mL of HES is associated with a decrease in factor VIII:C and in vWF that is greater than that predicted by dilution only. [45] [46] [47] [48] This decrease, which persists for hours or even days after the end of the infusion, 18, 47, 48 is closely related to the in vivo Mw 45 but also to the HES concentration in blood 16 and the speed of HES infusion. Some studies did not observe a decrease in vWF, but rather, a low or even absent postoperative increase in this factor. 49, 50 Postoperative vWF elevation usually reflects the severity of the inflammatory response to surgery. The mechanism responsible for the decreased or the absence of increase of vWF is not completely elucidated. The most frequently quoted hypothesis refers to an accelerated elimination of the VIII/vWF complexes after their binding with HES molecules. 45 Another hypothesis implies a protective effect induced by HES, at the endothelial level, which might inhibit the postoperative increase in factor VIII. 51 In any event, the decrease in factor VIII:C is probably not related to proteolysis caused by activated protein C. 48 Like dextrans, HES could also favour fibrinolysis, through the incorporation of HES molecules in the clot. 47 For some authors, this phenomenon could be attributed to an accelerated conversion of fibrinogen to fibrin resulting in a more friable clot. 48 For others, it might be related to a fibrinolytic effect due to an increased plasminogen activity. 52 As for the effect on the VIII/vWF complexes, this pro-fibrinolytic effect is closely correlated with the in vivo Mw of the HES. 53 Finally, HES solutions alter platelet aggregation. This effect, also related to the in vivo Mw of the HES, develops one hour after the beginning of the infusion and can persist for several days. 21, 48, 54 Using flow cytometry, Kozek-Langenecker's group observed a decreased GPIIb-IIIa expression on agonist-activated platelets in the presence of HES. 55, 56 This phenomenon has been attributed to a modification of the platelet cytoplasmic membrane structure by HES, which inhibits conformational activation of the GPIIb-IIIa complex after subsequent stimulation. Another recent article from the same group 57 demonstrated that HES macromolecules are capable of binding to platelets, impairing the access of ligands to the platelet fibrinogen receptor. Such an unspecific coating effect of HES does not appear to impair the capacity of platelets to adhere, as the platelet membrane expression of GPIb was not altered. Intracellular transduction mechanisms also appear not to be altered by HES. 55 However platelet adhesiveness could be diminished by the reduction in VIII/vWF complexes. Decreased platelet aggregation and adhesiveness will result in an increased bleeding time as demonstrated by the increased closing time on the platelet function analyzer and by a shortening in the maximal amplitude of the TEG.
Numerous studies have compared different colloidal solutions using TEG or other viscoelastic measurements of clot formation. Most of them showed that HES preparations and dextrans more severely affect the measured coagulation parameters than gelatins or albumin, especially when hemodilution becomes profound (more 30% blood volume exchange). 5, 19, 20, 38, 58 Clinical effects Bleeding complications after the administration of HES have been reported in cardiac and neurosurgery.
In most cases, complications were observed when high in vivo Mw HES were used. The high in vivo Mw was either related to a high in vitro Mw (450,000 or over) or to repeated infusions (over days) of HES with a high molar substitution ratio. 41, 42, 59, 60 As far as relatively low in vivo Mw HES are concerned (medium Mw HES with a molar substitution ratio of 0.5 or less), doses up to 35 mL·kg -1 ·day -1 have been used in orthopedic, urologic and cardiac surgery without bleeding complications. 22, 23, 54 Two studies observed higher postoperative blood losses with this type of HES in comparison to a modified fluid gelatin: one in orthopedic 39 and one in cardiac surgery. 61 However, most studies enrolled only a low number of patients. Evaluation of the relationship between biological alterations of hemostasis and hemorrhagic risk remains difficult, specially in view of the wide inter-individual variations in the effects of HES on the decrease in factor VIII:C. Other variables must be taken into account, including the initial level of vWF, the type of surgery, the clinical conditions (acidosis, hypothermia, shock state), and the volume and speed of infusion of the plasma substitute. Patients of the "O" blood group have a lower level of VIII/vWF complex. 62 These patients could be at increased risk of developing a von Willebrand-like syndrome depending on the type of HES that is administered. 63, 64 The clinical consequences of a lower postoperative increase in factor VIII and vWF after HES administration remain to be determined. 49, 65 Finally, as HES impair platelet function through an effect on vWF, administration of desmopressin might be effective in these situations to limit the risk of bleeding. 66 Most of the HES compounds are prepared in a 0.9% saline solution. It has been suggested that modification of the carrier solution might be associated with reduced effects on coagulation. Using the TEG, Gan et al. 67 demonstrated that high Mw HES prepared in a modified physiologically balanced solution containing lactate buffer, calcium chloride and glucose resulted in a better coagulation profile than the same high Mw HES prepared in a 0.9% saline solution. More recently, Deusch et al. reported that such "balanced" high Mw HES would not inhibit platelet function as anticipated by its high Mw and degree of substitution. 68 This unexpected finding may, at least in part, be induced by its solvent containing calcium. The clinical effects of these modifications on blood losses and transfusion requirements remain to be determined.
A novel medium Mw starch with a molar substitution ratio of 0.4 (Voluven�, Fresenius, Bad Hombourg, Germany) has been introduced recently on the European market. This HES solution presents an in vivo Mw close to the ideal renal threshold, resulting in lower plasma and tissue accumulation. 43, 44 Therefore the formulation should have a lower impact on hemostasis and, in particular, on VIII/vWF complex and platelet aggregation, 44 even after repetitive large dose infusion. 69 Recent studies in orthopedic, 49 cardiac, 50 and abdominal surgery 70 have observed that the use of this HES is associated with lower blood losses and transfusion requirements than HES 200/0.5 (e.g., Hesteril®, Pentaspan®; Table I ) and blood losses comparable to modified fluid gelatin. In patients undergoing major abdominal surgery, this medium Mw HES in a 0.9% saline solution resulted in significantly lower blood losses than a high Mw HES in a modified physiologically balanced solution containing lactate buffer and glucose. 71 In addition, Voluven® appears to have similar immediate and mid-term volume expansion effects than HES solutions with a higher in vivo Mw, which is probably related to the presence of a greater number of small, oncotically active molecules. 72, 73 These promising results, however, need to be confirmed by studies involving a greater number of patients. The maximal recommended daily dosage of Voluven® is higher than for the other starches (50 mL·kg -1 ·day 
Summary and conclusions
All commercially available synthetic colloids interfere with normal hemostasis. Interference with hemostasis is, on the one hand, related to a non-specific effect associated with hemodilution, and, on the other, related to specific effects of these macromolecules. Depending on the type of compound, these effects relate to primary hemostasis, but may have repercussions on the coagulation cascade and/or the fibrinolytic system. In most cases, the clinical consequences of these effects are limited, provided that basic safety rules are observed (maximum daily dosage, duration of treatment, patient's hemostatic status, clinical conditions). The use of dextrans and high in vivo Mw HES may be associated with increased bleeding, while gelatins and low in vivo Mw HES are probably not. The situation may be different in patients presenting hemostatic disorders, either inherited or related to preoperative antiplatelet or anticoagulant treatment. In these patients, crystalloids, gelatins or, possibly albumin solutions should be probably preferred when hemodilution exceeds 30% of the circulating blood volume.
